During development limbs grow out from the lateral plate mesoderm at characteristic locations along the flank of the embryo. For example, in the chick, one wing and one leg develop from each side, the former more anteriorly than the latter, and each with distinct anterior-posterior and dorsal-ventral patterning. How is limb location and identity specified? Recently it has emerged that signalling molecules of the fibroblast growth factor (FGF) family have important roles in integrating cell proliferation and patterning during limb growth. Now Cohn et al. [1] have shown that implantation of FGF-soaked beads into the embryonic chick flank induces the formation of extra limbs. This suggests that FGF might also determine the positions at which limb buds initiate.
Cell proliferation and patterning of the limb bud
In the developing chick embryo, before the limb buds become apparent (stage [13] [14] [15] [16] ), all of the lateral mesoderm cells along the flank region are undergoing division ( Fig. la) . At stage 17, division in the flank decreases while proliferation in the future limb-bud regions continues at the same rate, producing a characteristic mound of cells [2] . Later (after stage 18), dividing cells are restricted to the distal end of the limb bud, called the progress zone (Fig. lb) ; these dividing cells are the progenitors of the growing limb. Transplantation studies have shown that reciprocal interactions between the mesoderm cells and the ectoderm are important for establishing and maintaining the progress zone. The mesoderm of the limb bud induces a local thickening of the ectoderm, the apical ectodermal ridge (AER). The ridge, in turn, maintains proliferation in the progress zone [3] .
Anterior-posterior pattern formation has been studied by ectopically inducing posterior digit elements in the anterior limb bud. When mesoderm from the posterior region of the limb bud is transplanted to the anterior side of another limb bud at stage 19-21, it inappropriately induces posterior digits, resulting in a limb with mirror-image duplication in the anterior-posterior axis (Fig. 2a,c) . This posterior region has been called the zone of polarizing activity (ZPA), or polarizing region (Fig. 2a) [3] . Significantly, at earlier stages (stage 11-17), when it is still proliferating at high levels, the mesoderm along the flank -which will not normally produce a limb -nevertheless can induce posterior patterning if transplanted into limb buds (Fig. 2c) . This mesoderm is said to have potential polarizing activity [1, 4] .
Molecules controlling outgrowth and patterning
Some of the molecules that control proliferation and anterior-posterior patterning during limb outgrowth have been identified. During proliferation, FGF-4 is present in the posterior region of the apical ectodermal ridge and, furthermore, purified FGF-4 can substitute for the ridge in maintaining cell proliferation in the limb bud (stage 19-21; Fig. 2b,d ) [5] . In terms of anterior-posterior patterning, implantation of beads soaked with retinoic acid into the anterior limb bud mimics the effects of a ZPA transplant and induces posterior digits [3] . More recently, it has been shown that Sonic hedgehog, a secreted glycoprotein that is encoded by the mammalian homologue of the Drosophila segment polarity gene hedgehog, is present in the posterior mesoderm, and that cells expressing hedgehog also have polarizing activity (Fig. 2c) [6] . So, a simple description of limb outgrowth and patterning might say that FGF produced by the AER maintains proliferation of cells in the progress zone, and that, independently, these cells are patterned by a signal Fig. 2b ), ectopic activation of shh in the anterior mesoderm requires implantation of two beads, one soaked in retinoic acid and the other in FGF. Implantation of a single bead soaked in FGF is sufficient to give shh expression in the posterior limb bud. In this latter case, FGF is presumably maintaining endogenous shh expression induced in the natural polarizing region before removal of the AER, or is able to induce expression because these cells retain potential polarizing activity.
from the ZPA -probably Sonic hedgehog -whose expression might be induced by retinoic acid.
But careful studies of FGF, retinoic acid and Sonic hedgehog indicate that their roles in proliferation and patterning are not as distinct as this simple description would imply. Several experiments indicate that FGF is not only important in maintaining proliferation of cells in the progress zone, but is also required to initiate and maintain sonic hedgehog expression and polarizing activity. In anterior limb buds missing an apical ectodermal ridge, FGF in conjunction with retinoic acid induces ectopic sonic hedgehog expression and thus ectopic polarizing activity (Fig. 2d) [7] . Once the expression of sonic hedgehog is switched on, its level can be maintained by FGF alone [7, 8] , a finding that may be related to FGF's ability to prolong polarizing activity in ZPA cells both in vivo and in vitro (Fig. 2d) [9, 10] . It is not yet clear whether FGF exerts all of its effects through its mitogenic action or whether it has a distinct signalling role, but what is clear is that it is intimately involved in patterning during limb outgrowth (see Fig. 2 ). Now the work of Cohn et al. [1] reveals that FGF is also likely to be involved in the earlier stage of limb development -in the selection of where limb buds initiate. A similar conclusion comes from work reported by Mima et al. [11] .
Limb bud initiation
The key finding reported by Cohn et al. [1] is that the implantation of beads soaked in FGF-1, FGF-2, or FGF-4 in the flank of chick embryos before normal limb outgrowth (stage 13-17) induces the formation of extra limbs along the flank. These ectopic limb buds appear normal, in that they have an AER, express sonic hedgehog and hoxd-13 and, eventually, elaborate skeletal elements. Ectopic induction only occurs in the flank between the two limbs (not in the neck or tail region), and the identity of the limb correlates with position along the flank; beads implanted closer to wings generally induce wings, those closer to legs, legs (Fig. 3a) . This observation indicates that the anterior-posterior position along the flank determines limb identity. Extra limbs are only formed if the time of bead implantation (Fig. 3) . Although it is not known if polarizing potential in the flank is due to endogenous retinoic acid, sonic hedgehog expression induced by FGF in the absence of exogenous retinoic acid allows proper development of the ectopic bud: the resulting polarizing region can cooperate with FGF to establish a progress zone and an AER. Once this is achieved, the whole bud presumably becomes self sufficient, with FGF-4 produced by the new AER maintaining both the polarizing region and proliferation in the progress zone.
From these results, one might imagine that, in addition to maintaining proliferation, FGF has an instructive role in directly inducing sonic hedgehog expression in cells that have polarizing potential. But, as we have mentioned, potential polarizing activity in the flank correlates with high levels of proliferation. By maintaining proliferation, FGF might simply be acting permissively, prolonging the time during which cells have potential polarizing activity and thus allowing them to respond to subsequent patterning signals or programmes. This could be tested by ascertaining whether this activity is specific for FGF, or whether other growth factors can induce ectopic limb buds. Conversely, a mitotic inhibitor could be used to try to block FGF-induced sonic hedgehog expression. Beads implanted closer to the wing bud form wings, whereas beads implanted closer to the hindlimb form hindlimbs.
the FGF beads are implanted during the time that flank mesoderm is still proliferating and it seems reasonable, therefore, to imagine that FGF acts primarily to maintain local cell division in the flank mesoderm after stage 17, when it would normally decrease. It is easy to see how this produces a mound of cells, but why does it produce a proper limb bud?
We have already described how, in combination with retinoic acid, FGF can induce the ectopic expression of sonic hedgehog in later limb buds, leading to the production of polarizing activity. In the experiments of Cohn et al. [1] , the flank mesoderm responds to FGF, not only by continuing to proliferate but also by expressing sonic hedgehog. It is not clear how sonic hedgehog expression is switched on after treatment with FGF alone -without retinoic acid -but presumably this is linked to the potential polarizing activity which exists in the flank at A somewhat surprising observation reported by Cohn et al. [1] is that the extra limbs produced after FGF treatment have reversed anterior-posterior polarity compared to the natural limbs. The authors suggest that this results from the distribution of the potential polarizing activity, which starts in the posterior of the future forelimb bud and diminishes in strength as it extends posteriorly along the flank. The FGF bead is, therefore, implanted into a context where the potential polarizing activity is higher anteriorly than posteriorly, and so sonic hedgehog is presumably induced sooner and/or to a higher level anteriorly (Fig. 3a) . This would set up an anterior polarizing region within the bud and account for the polarity of the extra limbs.
The experiments of Cohn and colleagues [1] suggest that the local action of endogenous FGF might initiate limb bud formation. One candidate for this role is FGF-8, which is expressed in the ectoderm above the limb buds just before they become apparent in the mouse [12, 13] . FGF-2 is produced along the entire length of the flank ectoderm before bud formation [14] , so another possibility is that its activity is inhibited between the limb bud sites at stage 18.
Despite these recent remarkable advances in our understanding of limb development, we are still left with three problems of specificity. Firstly, if the local production of FGF determines where limb buds form along the flank, what localizes the FGF signal in the first place? Secondly, what confers potential polarizing activity on the early mesoderm, allowing it to respond to the FGF signal?
And thirdly, what determines the identity of the limb that is formed? The answers to these questions might be related to the overlapping patterns of hox gene expression along the flank. Each gene is expressed with a sharp anterior boundary that might be used to define a location along the flank. It is known, for example, that the upper limb forms at a level corresponding to the anterior boundary of hoxb-8 expression. As the expression of this gene diminishes posteriorly along the flank, it could correspond to, or control, the potential polarizing activity. Furthermore, altering hoxb-8 expression affects forelimb patterning [15] . Finally, perhaps the identity of a limb is determined by the combination of hox genes expressed in the mesoderm where the bud initiates.
